In the landscape of ultrafast spectroscopic tools, the deep-and near-ultraviolet ranges (200-400 nm) have lagged behind due to the lack of tunability of both the pump and the probe pulses in this range. With the advent of novel nonlinear optical methods, this has now become possible. In this perspective, I will review some of the recent studies in the 250-400 nm range on (bio)chemical systems in order to stress the capabilities of ultrafast deep-UV spectroscopy to unravel new phenomena. This will serve as a basis to dwell on the promise and the new directions not only for molecular systems but also materials in solid or nanostructured form.
I. INTRODUCTION
Driven by the need to understand out-of-equilibrium phenomena, steady-state spectroscopic methods for the investigation of molecular properties at equilibrium continue to be translated into their time-resolved analogues in the femtosecond-picosecond time domain.
The birth of ultrafast spectroscopy was made possible by the development of linear and nonlinear optical tools in the visible spectral range, 1,2 and it quickly included the mid-and near-infrared. [3] [4] [5] Because of their chromophore specificity, the latter tools witnessed a rapid development, especially with the implementation of multidimensional spectroscopies. 6 While all these "long-wavelength" (>450 nm) spectroscopies deliver invaluable insight into the dynamics of chemical and biological systems, the need to resolve evolving nuclear structures was felt early after the birth of ultrafast optical spectroscopy. Thus, diffraction and scattering methods were implemented throughout the 1990s using table-top sources of ultrashort X-ray 7-10 or electron [11] [12] [13] pulses. X-ray absorption spectroscopy is a structural tool, which requires tunability of the incident pulsed X-ray beam, and the only such sources that were available 15 years ago and before were synchrotrons, albeit with pulse durations of the order of 50-100 ps. These sources were used to demonstrate picosecond X-ray absorption spectroscopy. [14] [15] [16] [17] [18] Later on, when it became possible to extract femtosecond hard X-ray pulses from synchrotrons thanks to the so-called slicing scheme, 19 femtosecond X-ray spectroscopy of molecular systems became possible. [20] [21] [22] Later, extending such studies to the soft X-ray range became possible after overcoming the issues of delivering liquid samples in vacuum. [23] [24] [25] [26] Since the advent of the first hard X-ray free electron lasers, 27, 28 all ultrafast (<10 ps) X-ray spectroscopic and scattering studies of chemical and biological systems are performed at such large-scale installations and are delivering new insights into their photoinduced dynamics. 29 Their very high photon flux/pulse and pulse durations of a few tens of fs also allow new experimental approaches, such as femtosecond photon-in/photon-out techniques or nonlinear X-ray techniques, which can nowhere else be implemented. [29] [30] [31] In the past 15-20 years, the development of table-top sources of ultrashort vacuum ultraviolet to extreme ultraviolet pulses has been spectacular and was especially driven by the interest for attosecond spectroscopy. [32] [33] [34] These sources are also used for femtosecond/picosecond spectroscopy in the 6-120 eV region [35] [36] [37] and beyond, up to the Carbon Kedge, [38] [39] [40] [41] with applications in the gas 42, 43 and solid 44 phases, and more recently, the liquid phase. [45] [46] [47] [48] A huge effort is also being deployed to generate higher energy radiation up to the oxygen K-edge. 40, [49] [50] [51] [52] At present, the only source of high intensity ultrashort coherent radiation in the XUV is the free electron laser FERMI (Free Electron laser Radiation for Multidisciplinary Investigations) in Trieste, 53, 54 which can deliver <50 fs pulses up to the Nitrogen K-edge. It has allowed the first nonlinear XUV experiments to be carried out. [55] [56] [57] [58] [59] Paradoxically, one region of the electromagnetic spectrum seems to have been neglected until recently: the 400-200 nm range. Although this region is commonly reached using pump pulses near the third harmonic of the Titanium sapphire laser (266 nm), a wide range in tunability in excitation wavelengths for ultrashort pulses has not been achieved. For the probing, several schemes have been used to generate tunable monochromatic deep-UV pulses, which needed to be scanned, [60] [61] [62] [63] [64] contrary to the popular white light continua used for pump-probe spectroscopy in the visible to the infrared range. The obvious advantage of a broadband continuum is the ability to record an entire spectral range, with a significant increase in signal to noise ratio and reduced data acquisition times.
There are obvious reasons why the deep-UV spectral range is of high interest. In biology, the absorption bands of amino-acid residues such as tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe); of di-sulfide bonds; and of nucleotides such as guanine, cytosine, adenine, etc., all lie in the 250-300 nm region. 65 In chemistry, several small polyatomic molecules, organic or inorganic, have important absorption bands, e.g., π-π * bands, that may be doorways for specific reactive channels. Finally, wide gap semiconductors, such as transition metal oxides (TMOs) (ZnO, TiO 2 , NiO, etc.), have their bandgap absorption below 380 nm. These materials have been attracting much interest in the past 20 years due to their applications in solar energy conversion and in catalysis. [66] [67] [68] Thus, achieving tunability in excitation combined with a white light continuum, both in the deep-UV, is highly desirable.
Transient absorption (TA) spectroscopy is the most used method in ultrafast spectroscopy, regardless of the spectral range. A typical TA spectrum contains spectral signatures due to depopulation of the ground state, so-called ground state bleach (GSB), to excited state absorption (ESA), and to stimulated emission (SE). These spectral signatures often overlap, rendering the analysis of TA spectra quite complex. Timeresolved photoluminescence (Tr-PL) is on the other hand, one of the simplest methods to probe the evolution of excited states as it only involves the ground state and the initially excited state(s) or lower excited states that may be populated by nonradiative processes. As there are no detectors in fs-ps time domain, probing such fast processes by photoluminescence (PL) relies on sampling methods such as Kerrgating or fluorescence up-(or down-) conversion by frequency mixing. [69] [70] [71] [72] [73] [74] These tools have been widely used to probe excited state dynamics in the UV-Visible range of molecules in solution, [75] [76] [77] biosystems, [78] [79] [80] [81] [82] [83] [84] and solid and nanostructured materials, [85] [86] [87] usually with monochromatic detection. The implementation of femtosecond PL up-conversion (PlUC) spectroscopy with broadband detection in the deep-UV 82, 88, 89 has allowed more systematic studies to be carried out, which will be discussed later.
Nonlinear techniques such as photon echo (PE) or transient grating (TG) methods are another avenue to probe excited and ground state dynamics of molecular systems. In the deep-UV, these tools were initially implemented using a 2-pulse PE scheme, but issues with excitation of the solvents arose, 90 which were circumvented using the 3-pulse scheme. [91] [92] [93] [94] These studies serve as a basis for the implementation of deep-UV analogues of multidimensional Fourier Transform (FT) NMR spectroscopy. 6, 95, 96 Multidimensional optical spectroscopy can also be performed in TA mode. Basically, the two modes (FT and TA) are equivalent, except that the TA mode has a lower time resolution.
In a perspective article published in 2012, Cannizzo 97 nicely reviewed the status of the field of ultrafast UV techniques, methods and some applications. More recent exciting developments have been achieved, especially for coherent 2D-spectroscopy. [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] Here, I briefly present the toolbox of methods that have been used in my group and demonstrate their capabilities in order to illustrate the perspectives offered by ultrafast deep-UV spectroscopy to a wide range of research fields in biology, chemistry, and materials science.
II. TOOLS OF DEEP-ULTRAVIOLET SPECTROSCOPY

A. One-and two-dimensional deep-UV spectroscopy
Our main interest in ultrafast deep-UV spectroscopy arose from the need to interrogate the environment of a biologically active chromophore in a protein during a photoinduced biological function. We thus probed the response of Trp in bacteriorhodopsin (bR) upon excitation of the retinal chromophore with a visible pulse. The probing was done using a tunable monochromatic deep-UV pulse. 60, 61, 111 However, the use of monochromatic probe pulses can be tedious if the probe range is extended. In addition, issues of normalization may arise. It would therefore be preferable to use a deep-UV broadband continuum, as was already the case in the visible. A crucial development in this respect has been the so-called achromatic frequency doubling scheme, 112 in which broadband phase matching is achieved by spatially chirping the visible continuum pulse (typically 520-750 nm) before tightly focusing it onto a thin β-barium borate (BBO) crystal. With the generated deep-to near-UV continuum, one can perform femtosecond TA spectroscopy at fixed pump wavelengths (typically 400 or 266 nm). This arrangement was first used in our studies of spin crossover (SCO) dynamics of Fe-complexes in solution. 113 It opened the door to the implementation of 2D deep-UV TA spectroscopy, in which tunable pump pulses were generated to excite the system, which is then probed by the deep-UV continuum. Although not a single-shot technique, due to the required pump frequency scan, we circumvent long data acquisition times through the use of an ultra-stable, high-repetition rate fs UV source. The setup was described in detail elsewhere. 114, 115 It delivers broadband visible femtosecond pump pulses (520-740 nm bandwidth, 15 µJ/pulse) that can be used as such or frequency-doubled to generate deep-UV narrow-band (1.5 nm) pump pulses via second harmonic generation (SHG) in nonlinear BBO crystals. The probe pulse is a 100 nm-wide white light continuum in the 245-380 nm region. This configuration is optimal for pumpprobe 2D UV TA spectroscopy, with an instrument response function (IRF) of ∼150 fs. Nevertheless, improved time resolution down to ∼50 fs has been achieved by narrowing the visible non-colinear optical parametric oscillator (NOPA) output or by separately compressing the visible pump pulses before SHG. 116, 117 In addition, part of the 800 nm output can be used as a prepulse or pump (including its third and second harmonics) or to generate a white-light continuum for visible TA. The detection is based on shot-to-shot recording of the probe pulse spectrum together with a reference beam at a rate of 20 kHz, 114 yielding absorbance changes <1 mOD for rather short data acquisition times.
The flexibility of this setup is exemplified by the large diversity of systems and processes we investigated (see below). Here, the use of flow cells or wire-guided liquid jet allows for the investigation of liquid samples.
B. Tr-PL
In photoluminescence up-or down-conversion, the socalled gate pulse does not interfere with the sample but is used to open a temporal gate at a given time delay in a nonlinear medium, allowing the detection of the spontaneous sample fluorescence. This is made either by making a Kerr medium transiently transparent or by mixing the gate pulse with the fluorescence and detecting the sum (up-) or difference (down-) frequency of the two. Our setup is described in Refs. 89 and 118. Briefly, the PL is collected by wide-angle optics and focused onto a nonlinear crystal sum-frequency (SF) in which it undergoes frequency-mixing with the gate pulse. The latter is delayed with respect to the pump pulse by an optical delay stage. The intensity of light at the sum-or down-frequency (SF or DF) is recorded as a function of pump-gate time delay. Reflective optics is used to minimize frequency dispersion effects after the sample and a time resolution of 100-130 fs is achieved. 89 The frequency-converted signal, at fixed time delay, is detected with a spectrograph equipped with a camera. PL wavelength tuning is achieved by rotating the nonlinear crystal to cover the spectral range of interest. This setup has allowed measurements to be carried out from the near-IR (between 1 and 2 µm) 87 to the deep-UV (see below) with a broadband detection. More recent developments of broadband fluorescence detection have been presented in Refs. 72-74 and 77.
III. SCIENTIFIC CASES
A. Biological systems
Intraprotein electric fields
As already mentioned, our interest in using deep-UV spectroscopy stemmed from our investigations of protein dynamics aimed at using the amino-acid residues as natural reporters of the intraprotein structural or electrical changes. We investigated the case of bR [bR, Fig. 1(a) ] exciting the retinal chromophore at 530 nm and probing the Trp response by a tunable probe pulse 60, 61 (at that time, achromatic doubling 112 had not yet been demonstrated). Our results 61 are shown in Fig. 1(b) for wild-type Br and for two mutants, W86F and W182F, from which Trp at positions 86 and 182, respectively, had been removed and replaced by an optically silent phenylalanine residue. The main bleach (negative) feature between 260 and 300 nm is due to the retinal response. A weak positive feature appears in the 300-320 nm region of wt-bR and W182F, which is missing in the W86F mutant. It was found that Trp86 [but not Trp182, Fig. 1 
Electron versus energy transfer in proteins
Because Trp is a very sensitive probe of its environment 65 it is commonly used to monitor biological functions. [120] [121] [122] [123] In particular, it has been shown to undergo dipole-dipole energy transfer to nearby chromophores in the so-called fluorescence-resonance-energy-transfer (FRET) process. This process, where Trp is the donor, results in its fluorescence decay times being significantly shortened. Dipole-dipole coupling has routinely been used to model the decay times and extract from them the geometric arrangement of the chromophore pair with nm resolution, 124 making Trp the "molecular ruler" of protein dynamics. However, Trp is involved in electron transfer processes in proteins, such as azurin. 125, 126 We have used our 2D deep-UV TA and ultrafast PL to probe the fate of excited Trp ( * Trp) in hemoproteins, such as myoglobins 127, 128 and horse heart cytochrome c (Cyt c). 129, 130 Myoglobin (Mb) has two tryptophan residues: Trp 7 and Trp 14 , which are located in the α-helix A at distances of, respectively, 21.2 Å and 15.2 Å (centre to centre) to the heme group ( Fig. 2 ). Their fluorescence decay times are typically 20-30 ps for * Trp 14 and 110-140 ps for * Trp 7 , 131,132 regardless of the protein (ferric or ferrous, ligated or deoxy form). These times are much shorter than the decay of * Trp in water (approximately 3 ns). The * Trp decay times in Mbs had been attributed to FRET (i.e., via dipole-dipole coupling) with the heme. 124, 132 However, while this accounts well for the Trp 7 fluorescence decay time, in the case of Trp 14 , the estimated time deviates by a factor of 2 from the experimental one, suggesting that another decay mechanism may be involved.
The first ultrafast 2D-UV TA experiment was carried out to clarify this issue. We found that Trp 14 undergoes a hitherto unknown partial electron transfer (ET) to the heme, 127 while the more distant Trp 7 indeed fully undergoes FRET to the heme. This first study was carried out on ferric myoglobins (MbCN and metMb), and it was concluded that the transferred electron ends up on the iron atom to yield a ferrous porphyrin. Because of the invariance of * Trp lifetimes in all Mbs, we suspected that a similar electron transfer process also occurs in ferrous Mbs, and indeed, this was confirmed in the case of the ferrous deoxy (unligated) form. In this case, the ET yields a low-valence porphyrin anion radical. We proposed that the ET pathway goes via the Leucine 69 (Leu 69 ) and Valine 68 (Val 68 ) residues, which are in van der Waals contact with each other, while Leu 69 is in van der Waals contact with Trp 14 . This hypothesis was recently supported by theoretical modeling. 133 These results underscore a limitation of Trp as a spectroscopic ruler in FRET studies of protein dynamics. 134 Indeed, the fluorescence quenching of Trp is almost invariably assumed to be due to FRET, but establishing it unambiguously requires measuring both the decay of the donor fluorescence and the detection of the acceptor luminescence.
In ferric and ferrous Cyt c, only one Trp is found, which is almost at van der Waals contact with the heme. This should yield to a strong Trp-heme interaction which we investigated using ultrafast fluorescence up-conversion and UV pump/visible probe TA. Indeed, we found that * Trp decays at extremely fast timesscales: 129, 130 350 fs in the ferrous state, and 770 fs in the ferric one. This implies a much more efficient energy or electron transfer than in Mbs. In addition, these processes are more efficient in the ferrous than the ferric case. This may be due to the significantly different relative orientations and distances between the Trp and the heme groups in the two redox states, as supported by computations and circular dichroism (CD) measurements. 135, 136 Paradoxically in the TA studies, excitation of the heme did not lead to an apparent response of the Trp's, contrary to the case of bR discussed above. Furthermore, upon Trp excitation, no ET to the heme was detected. Further studies are currently undergoing to clarify these paradoxical results. 
Electronic solvation dynamics
Electronic solvation dynamics is the response of the solvent shell to an electronic rearrangement in the solute as a result of its photoexcitation or a chemical reaction. Solvation dynamics is ideally studied by ultrafast spectroscopy both in fluorescence 75 or TA. 137 However, in all the studies performed so far, the distinction between the response of the solvent (especially, at the shortest time) and that of the molecular solute has been difficult due to the internal degrees of freedom of the latter and, in particular, its high frequency modes. Ideally, one would like to study atomic solutes whose electronic structure can be changed by photoexcitation. This is problematic because atoms often have their optical transitions lying at high energies. However, one class of atomic species for which such a study is possible is aqueous halides. Their deep-UV absorption spectra are characterized by absorption bands below 270 nm, which are absent in the gas phase. These bands are specific to the aqueous halide and they represent the so-called charge transfer to solvent (CTTS) states, which are bound, metastable states of the solute-solvent systems. 138 Excitation of the CTTS states eventually leads to the electron escape to the solvent leaving behind a neutral halogen. The electronic structure change is therefore dramatic and the release of the electron is exclusively governed by the dynamics of the surrounding shell. Aqueous halides therefore represent an ideal object to investigate the details of the pure electronic solvation dynamics. In addition, they are model systems for the first step of intermolecular charge transfer (CT) reaction (e.g., electron or proton transfer) between a donor and an acceptor in solution.
Aqueous halides have been intensely investigated (mostly iodide that has the lowest lying CTTS bands) using TA in the visible [138] [139] [140] [141] [142] [143] [144] [145] and the X-ray domain 21, 146, 147 and by ultrafast liquid phase photoelectron spectroscopy (PES). 148, 149 The TA and PES studies concluded that the electron is detached from the iodide in ∼0.2 ps, but the strong absorption (in TA) or PE signal of the solvated electron overlaps that of the departing electron as well as the signal of the subsequent dynamics. The X-ray studies performed so far 21, 146, 147 lacked the timeresolution and/or were not using the CTTS states as doorways to electron abstraction.
Fluorescence of the CTTS states would provide a direct measurement of the electron departure to the solvent since photons are emitted during the time the ground and the excited (CTTS) state wave functions overlap. Using our fluorescence up-conversion setup in the deep UV, we observed for the first time the CTTS fluorescence of aqueous iodide. 150 The time-wavelength plot of the latter excited at 266 nm is shown in Fig. 3 . An emission spanning from the UV (approximately 300 nm) to the visible region (approximately 670 nm) appears promptly at t = 0 and decays with a marked wavelength dependence at timescales of ∼60 fs for λ < 330 nm to ∼400 fs for λ = 650 nm. The remarkable feature here is that the short timescales at high energies are not reflected in a rise of the lower lying emissions, which excludes a cascading process where high lying states would populate lower lying ones. Rather, the process can be seen as each emitting centre evolving on its own timescale determined by the solvent shell structure at the moment of excitation and its response. In other words, there is a very large inhomogeneity of excited aqueous iodide centres due to the large diversity of initial solvent shell configurations at t = 0. [151] [152] [153] The latter determines the subsequent dynamics where the solvent adapts to the excited species, giving rise to a continuous distribution of Stokes shifted emissions spanning over 1 eV. The redder the emission, the larger the Stokes shift and the more stable the transient configuration, which is reflected in a longer decay (or electron escape) time of the fluorescence. The various timescales, in particular, in the redder part of the spectrum could not be observed by the above-mentioned TA methods because the signal of the solvated electron overshadows these dynamics.
One of the few molecular solutes that exhibits clear CTTS absorption bands is aqueous ferrous hexacyanide ([Fe(CN) 6 ] 4+ ), for which the excitation at 266 nm is more favorable than for aqueous iodide. Yet despite attempts under similar conditions, we failed to observed its CTTS fluorescence, 154 which may hint to ultrafast intramolecular dynamics quenching the fluorescence during the electron escape.
Aqueous tryptophan was studied to clarify the issues of the competition between inter-and intramolecular dynamics. We used UV fluorescence up-conversion in both polychromatic and single wavelength detection modes with polarization dependence. 155 The latter was useful to disentangle the The Journal of Chemical Physics PERSPECTIVE scitation.org/journal/jcp contributions of the 1 L b and 1 L a states, which make up the first LUMO state of the molecule. 65 Our results were compared to nonequilibrium molecular dynamics (MD) simulations of the relaxation dynamics in both states. We determined the 1 L b → 1 L a relaxation to occur in 45 ± 15 fs, confirming previous predictions. 156, 157 Further relaxation was observed to occur in a biphasic fashion in 160 fs and 1 ps. Based on the MD simulations, these times were attributed to collective motions and independent diffusion of several proximal water molecules. 158 Most remarkable is a sub-10 fs decay that accounts for ∼1700 cm −1 shift of the total fluorescence Stokes shift of 3800 cm −1 . As discussed below, such an ultrafast initial relaxation has been observed in various other molecular systems and is attributed to intramolecular relaxation. In the case of Trp, we attributed it to intermolecular dynamics, namely, to the inertial response of water molecules, which is associated with their independent rotational motion, as previously predicted. 158, 159 The issue of the 1 L b / 1 L a relaxation becomes more complex for some aromatic molecules that undergo a solventdependent fluorescence. This has been attributed to an inversion of the energetic order (so-called level crossing) of the 1 L a and 1 L b states with increasing solvent polarity. [160] [161] [162] We addressed this issue in the case of 1-naphthol (1N) using polarization-resolved femtosecond broadband UV fluorescence up-conversion. 163 1N is a prototypical case for which the 1 L a state is more polar than the 1 L b state. In the gas phase or nonpolar solvents, the 1 L a state is higher than the 1 L b state and the fluorescence stems exclusively from the latter. 164, 165 However, in polar solvents, fluorescence is ascribed to the 1 L a -state emission. This is explained by the differential solvation of the two states. 162 In our study of 1N in dimethyl sulfoxide (DMSO), we find that the characteristic LC time is 60 fs. The observed solvent-dependent anisotropy values were compared to ab initio time-dependent density functional theory (TDDFT) calculations, from which we draw conclusions about the occurrence of electronic mixing of the 1 L a and 1 L b states. Additional ultrafast infrared TA spectroscopy confirmed this picture and probed the subsequent dynamics due to solvent rearrangements. We proposed that the vibrational mode, effectively coupling the 1 
L a and 1 L b states, is related to motions of the hydrogen bond between 1N and DMSO.
This study showed how a solvent-assisted nonadiabatic coupling between the electronic states is mediated through a vibrational mode of the hydrogen-bonded 1N-DMSO complex. These findings shed light on the excited state dynamics common to molecules with two close-lying excited states and on the dynamics of other photoacids. [166] [167] [168] 
Intramolecular electronic relaxation at subvibrational timescales
In several fluorescence up-conversion studies of organic 89, 118, 169, 170 and inorganic [171] [172] [173] [174] molecules in solution, we found that the only emission that is observed at t = 0 is that of the lowest singlet state, as reflected by its mirror image with respect to the first singlet absorption band. This observation was independent of excitation energy and of the solvent. 174 By comparing the intensity of the t = 0 fluorescence to that of the background on its high energy side, we estimated that in most cases, the intramolecular electronic relaxation occurs on extremely fast timescales, i.e., comparable or faster than the highest frequency modes of the molecules (10-20 fs). These observations were in line with reports from the literature on, e.g., iridium complexes [175] [176] [177] or the retinal chromophore in rhodopsin. 178 A precise estimate of these relaxation times requires few-fs sources and novel experimental strategies. However, in the case of an iridium complex, we could confirm the above estimates of an electronic "cooling" by ultrafast deep-UV fluorescence upconversion.
Transition metal complexes are characterized by different types of electronic states: metal-to-ligand charge transfer (MLCT), metal centred (MC), ligand centred (LC), and ligandto-metal charge transfer (LMCT). We investigated the emission of fac-tris(2-phenylpyridine)iridium(III) (Ir(ppy) 3 ) in solution upon 266-nm excitation into its LC electronic state. The time-wavelength plot of its luminescence is shown in Fig. 1 of Ref. 179 , and Fig. 4 shows the t = 0 fluorescence spectrum along with the steady state absorption spectrum and the luminescence spectrum of the ppy ligand alone. It can be seen that the t = 0 luminescence spans the entire spectral range down to the lowest absorption band. Prominent in this spectrum is the band, centred at 330 nm, that appears as the mirror image of the LC absorption band. This is confirmed by comparing it with the steady-state fluorescence of the ppy ligand in solution (red trace). The t = 0 emission spectrum also shows the lowest singlet MLCT state around 500 nm, 180 implying that it is reached within the time resolution of the experiment. The LC emission band decays in 70 ± 10 fs (see inset to Fig. 4 ), which is significantly shorter than the lifetime of ppy ligands in solution (∼1 ns). 181 This short lifetime is due to its nonradiative decay to the manifold of The Journal of Chemical Physics PERSPECTIVE scitation.org/journal/jcp close-lying spin-mixed MLCT and MC states, which undergo an ultrafast intramolecular electronic-vibrational relaxation, leading to formation of the vibrationally hot lowest 1 MLCT state, whose population rises in 70 fs. We therefore observe the departure, the intermediate steps, and the arrival of the relaxation cascade that spans more than 1.6 eV, from the 1 LC state to the lowest 3 MLCT state, yielding the long-lived luminescence of the molecule. Given that the decay of the LC state and the rise of the lowest singlet MLCT states are identical, to within the uncertainty of the IRF (≤20 fs), we conclude that the intermediate steps occur within this uncertainty and that the intramolecular electronic relaxation proceeds at subvibrational timescales (<20 fs) over a large energy gap. This was already hinted to in our above-mentioned previous studies on organic and inorganic molecular complexes, but the occurrence of LC emission in the present case provides a "clock" of the relaxation dynamics. Such ultrafast electronic "cooling" does not mean that the molecule is "cold" in absolute terms. The excess electronic energy is impulsively converted into low frequency vibrational modes of the molecule, which are often optically silent ones. Thus, the molecule is electronically cold but vibrationally hot. Since nonadiabatic transitions between electronically excited states imply nuclear motion, we believe that the population relaxation is funneled by a suite of conical intersections (CIs) in a high density of states region. These CIs are structurally not much displaced from each other for the entire electronic cooling to occur at subvibrational timescales. Thus, the entire excited state manifold of the molecule can be seen as one oscillator which undergoes overdamping along specific mode(s). The above observations of electronic cooling at subvibrational timescales remain indirect and call for further investigations with few-fs or even attosecond methods.
Spin cross-over (SCO) dynamics
SCO defines the process by which a transition metal complex undergoes a spin change upon application of an external perturbation such as pressure, temperature, or photoexcitation. The most spectacular cases of SCO are found in Fe(II) polypyridine complexes, which undergo a ∆S = 2 spin change from a low-spin (LS) singlet state to a high spin (HS) excited state, or the reverse. 182 The chemical flexibility of the ligands allows tuning the HS state lifetime over several orders of magnitude. Therefore, the light-induced SCO has attracted considerable attention since the 1980s because of its promise for data storage with optical writing/magnetic reading applications. 183, 184 SCO is also present in hemoproteins, when diatomic ligands are detached from the Fe atom of the porphyrin in hemoproteins, the latter switches from LS to HS. Ultrafast studies of the light-induced SCO dynamics in various Fe(II)-polypyridine complexes were initiated by Henrickson and co-workers 185, 186 and followed by McCusker and co-workers. 187 They identified the timescales of the LS ground state recovery but could not detect the lowest HS excited state or the intermediate states in the SCO cascade, due to a lack of spectroscopic observables. Previous studies 182, 187 established that the quantum yield for SCO is unity but neither its timescale nor the pathways leading to the lowest HS state had been determined. Iron(II)tris-bipyridine [Fe(bpy) 3 ] 2+ is the smallest member of the Fe(II) SCO complexes, and it has the shortest HS lifetime (ca., 650 ps in water). We used picosecond X-ray absorption spectroscopy to establish the structure of the HS state of the complex, which showed an elongation of the Fe-N bond by 0.2 Å, 188 similar to what had been reported for all the other members of the SCO family of complexes. This provided us with an X-ray spectroscopic observable of the HS state, which we then used to determine the timescale for the population of the HS using femtosecond X-ray absorption spectroscopy and found it to be <150 fs, 20 i.e., limited by the cross-correlation of the experiment (250 fs).
In their studies of the [Fe(ptz) 6 ](BF 4 ) 2 SCO crystal, Hauser and co-workers 182 showed that it is possible to fully convert it from a LS to a HS state by irradiation at low temperatures, in what is known as the light-induced excited state spin trapping (LIESST). The absorption of the low temperature HS crystal exhibited a very weak 5 T 2 -5 E transition near 840 nm and an intense one below 300 nm, which had not been identified. Given that the energetics of Fe(II)-polypyridine complexes are quite similar, we decided to use the deep-UV absorption band to determine the rise time of the HS state population. We therefore implemented a setup with a white light continuum spanning the 290-350 nm range, generated by achromatic doubling (see Sec. II), and the results for 400 nm allowed to determine the rise time of the HS state, and showed wave packet dynamics along with vibrational cooling. The appearance of vibrational wave packets [Figs. 5(a) and 5(b)] with an oscillation period of ∼260 fs in the HS state implied an impulsive population of the state in agreement with the short rise time we derived. The wave packet dynamics showed up regardless of the excitation wavelength (530 nm, 400 nm, or 266 nm) 114 underscoring the ultrafast intramolecular relaxation dynamics (see Sec. III B 2) leading to the HS population. The HS state population rise time of 130 fs was however still limited by the cross-correlation of the deep-UV probe experiment. We therefore improved the resolution of our deep-UV setup to ca. 50 fs and repeated the measurements. 116 Our results showed that the HS is populated in ≤50 fs [ Fig. 5(c) ] and the wave packet dynamics exhibits three vibrational modes that were attributed to nontotally-symmetric Fe-N bending or stretching modes and the Fe-N stretching mode in the HS state. These results triggered an ongoing debate 189, 190 as to the details of the ultrafast ∆S = 2 transition and, in particular, its pathway. Surely the extremely short timescale for the HS state population rise represents an electronic timescale in the spirit of the discussion in Sec. III B 2, which is then followed by the structural dynamics and cooling leading to the equilibrated HS state on a timescale of several picoseconds [ Fig. 5(c) ].
The success of the deep-UV probe experiments based on Hauser's low temperature results confirmed our assumption that the energetics of Fe(II)-polypyridine complexes are rather similar and that such experiments can be generalized to the family of Fe-based SCO complexes and probably beyond, e.g., Co(II) complexes. 191 Beyond that, they also show the strong complementarity of ultrafast deep-UV spectroscopy with ultrafast visible and X-ray spectroscopies. 192 
Energy-dependent photochemistry
The ability to tune the pump pulse wavelength is very attractive in the case of energy-dependent photochemical reactions, in which different photoproducts are generated depending on the pump wavelength. A case in point is ferrous iron-hexacyanide [Fe(CN) 6 ] 4+ , which was known early on 193, 194 to have two main photochemical channels: upon excitation <310 nm, photooxidation prevails, whereas at longer wavelength photoaquation dominates. This had been established using excitation sources at fixed energy and with nanosecond resolution. However, until recently, the ultrafast dynamics had never been investigated as a function of excitation energy, due to lack of adequate light sources. We first carried out an X-ray absorption study with 70-ps resolution at fixed excitation energies (266 nm and 355 nm) which clearly established the photooxidation and photoaquation channels in both the ferrous and ferric forms. 154 However, in order to track the ultrafast dynamics, we used 2D deep-UV TA spectroscopy, combined with visible and IR TA spectroscopies, as well as quantum-chemical calculations. 195, 196 Typical 2D UV plots at different time delays are shown in Fig. 6 . At the longest time delay and beyond, the transients remain unchanged. The data show different spectral signatures for excitation above and below ∼310 nm, in agreement with Refs. 193 and 194. These features have been identified as the photooxidized species, the pentacoordinated Fe(CN) 5 species in different geometries, and the final photoaquated Fe(CN) 5 OH 2 species. In brief, the photophysics leading to the final photoaquated species is complex and involves ultrafast intramolecular relaxation down to the lowest triplet state, photodissociation, and formation of the triplet pentacoordinated species, which then undergoes conformational changes to finally attach a solvent molecule on a timescale of 20 ps. While the proposed mechanism invoked triplet pentacoordinated species based on the transient IR and quantumchemical calculations, work is in progress to identify these species directly using ultrafast X-ray spectroscopy. 30 Nevertheless, the ability to tune the excitation energy over a wide spectral range allowed us to estimate the yield of oxidation versus that of aquation as shown in Fig. 7 . This figure suggests that the photoaquation channel indeed proceeds via the lowest state, i.e., that the photochemistry follows the Kasha rule. 196 
IV. OUTLOOK
A. Ultrafast CD in the deep-UV Chirality applies to molecules, which cannot be superimposed on their mirror image. The right-and left-handed enantiomers can have entirely different reactivities, which is why chirality plays an important role in biology and pharmacology. CD denotes the difference in absorption of left-and right-handed circularly polarized light in optically active or chiral molecular systems. In assemblies of chromophores, it is sensitive to the coupling and thus spatial arrangement of their electronic transition dipoles, and for that matter, static CD spectroscopy has become an established tool in analytical (bio)chemistry. Time-resolved CD (TRCD) spectroscopy is therefore sensitive to changes in the couplings and spatial arrangements of dipoles, i.e., to conformational changes. It is therefore an optical-domain structural tool of chiral molecular systems and their evolution with time. With pulsed lasers and in a pump-probe scheme, time-dependent chirality in the visible spectral range has been measured in the nanosecond 197 to the femtosecond time domain. 198 The main challenge with TRCD is that the signal is typically 1-2 orders of magnitude smaller than a typical TA signal, so a high sensitivity is required. Ideally, broadband continuum detection should be achieved as discussed above in several examples with TA experiments. This is by no means trivial because of the distortions due to the polarization sensitivity of optical elements. A further challenge comes from the fact that in order to investigate biological systems, the deep-UV region has to be covered. So far, TRCD studies in this range have been lacking, except in a few rare cases. [199] [200] [201] We recently extended the capabilities of our 2D UV setup to allow for deep-UV TRCD studies. 202 It employs a photoelastic modulator to achieve shot-to-shot polarization switching of a 20 kHz pulse train of broadband femtosecond The Journal of Chemical Physics PERSPECTIVE scitation.org/journal/jcp mid-UV pulses (250-370 nm). Figure 8 shows the first results obtained on an enantiopure solution of [Ru(bpy) 3 ] 2+ . The upper panel shows the TRCD spectra at 50 ps pump-probe delay of both enantiomers and the corresponding racemic sample, excited with a 400 nm pulse. The lower panel shows the corresponding TA spectrum for the same racemic sample. The clear bleach of the ligand centred (LC) band at 286 nm has its correspondence in the clear symmetry of the two enantiomers in the upper panel. This setup has currently a 500-fs temporal resolution, which is largely sufficient for investigating the dynamics of biological systems by probing their tertiary interactions (i.e., involving tryptophan, tyrosine, phenylalanine, and di-sulfide bonds). However, an extension down to ∼200 nm is highly desirable because the secondary structure elements of proteins such as α-helices, β-sheets, and random coils absorb strongly in this region and are commonly used for steady-state CD studies. 203 One avenue is to use synchrotron sources, which are very stable, widely tunable light sources that are already used in the static mode. 204 With their pulse width of typically 50-100 ps, they have a huge potential for growth because they would allow probing the changes in the secondary, tertiary, and quaternary structures over times from 100s ps to microseconds. However, some processes may affect the secondary structure on the sub-100 ps timescales, 205 and therefore, the bridging of the 200-250 nm region using laser sources is still very desirable. 
B. Photoinduced dynamics in DNA
For obvious reasons, DNA photoinduced dynamics is a very hot topic in biochemical physics. It has been investigated by deep-UV pump/visible probe methods, 82, 88, 206, 207 monochromatic, 81, 83, [208] [209] [210] and polychromatic fs fluorescence up-conversion. 88, 211 The availability of deep-UV pump and probe tools opens a new observation window, which should help resolve many of the questions arising from the interaction between bases, either within a single or a double strand. Work is in progress in my group combining 2D UV TA spectroscopy, TRCD, and fluorescence up-conversion methods. Because of the excitonic coupling that characterize DNA strands and the open questions they raise, 206 deep-UV spectroscopy at high temporal resolution (<20 fs) and its corollary, 2D Fourier transform spectroscopy, are also being developed with exciting new schemes. [98] [99] [100] [101] [105] [106] [107] We anticipate that all these approaches will nail down the details of the photoexcitation dynamics in DNA single and double strands.
C. Large bandgap materials
Although this perspective is dedicated to (bio)molecular systems, we should mention recent ultrafast deep-UV studies of largeband-gap (BG) materials such as TMOs, and some metal nitrides and sulfides, which all have bandgaps that lie in the deep-UV (<350 nm). They are nowadays of great interest due to a wide range of applications: from photocatalysis 66 to photovoltaics, 37, 68, 212 to sensors and optoelectronics. 213 While it had been possible to excite above the bandgap with UV light and probe the charge carrier dynamics with THz to visible light, the ability to excite with tunable light at or above the bandgap and probe likewise only appeared when we implemented our 2D deep-UV setup. The results of our 2D UV studies of TMOs will be the subject of a separate review, but I just mention the most important results to highlight the potential of the method. Our ultrafast studies on colloidal anatase TiO 2 nanoparticles revealed two bleach bands at the optical gap, 214 which do not show up in the steady state spectrum. This is due to cancelation of the scattered light when taking the difference between excited sample absorption minus the unexcited one. These bands were then also observed in transient reflectivity of oriented single crystals and they exhibited a clear optical anisotropy. Further analysis, both experimental and theoretical, 214 showed that the lowest energy band is due to a strongly bound (binding energy ∼150 meV) exciton, intermediate between Frenkel and Wannier, and that it has a 2D character in the 3D lattice of the material. This exciton shows up in various forms of anatase TiO 2 (nanoparticles, films, single crystals with various degrees of doping, etc.), which underscores its bulklike character and its robustness to defects and temperature. 214 Having established the nature of the optical gap, we used it as a substrate-sensitive marker of interfacial electron injection, which is the operating mechanism of the socalled dye-sensitized solar cells. We demonstrated charge The Journal of Chemical Physics PERSPECTIVE scitation.org/journal/jcp injection from a dye adsorbed on the surface of anatase TiO 2 nanoparticles or ZnO nanoparticles by monitoring the response of their optical gap absorptions. 215 Beyond the use of the excitonic bands as substrate-specific markers, this type of study is also delivering new insights into the effect of ndoping on the spectral signatures of large bandgap materials. We also measured the electron cooling time in the conduction band of anatase TiO 2 by UV pump/UV probe spectroscopy and found it to be <50 fs. 117 This remarkably fast cooling time in the conduction band of the material is in agreement with theoretical predictions. 216 It calls for electron delivery schemes in sensitized systems that avoid a large excess energy for injection, which is lost in the form of heat. Last, we also found that the exciton exhibits a giant coupling to acoustic phonon, making anatase TiO 2 a promising material for sensors of strain. 217 The above results on large BG materials are just the beginning of deep-UV studies and are very promising for future insight into their charge carrier dynamics. Given the large diversity of such materials and their very contrasted physical properties, the opening of the deep-UV window is a very powerful new tool.
V. CONCLUSIONS
The present contribution showed a few examples of ultrafast deep-UV spectroscopies, either in TA or in fluorescence mode, and their capabilities to unravel new phenomena not only in molecular and biological systems but also in materials. In particular, for biological systems and wide gap materials, the need for deep-UV spectroscopic tools is indispensable and it delivers insight that could not be gathered by other methods, because the optical transitions in these systems all lie in the deep-UV. In many respects, the toolbox of theoretical tools has anticipated the experimental developments, and several schemes for modeling the couplings are already available. [218] [219] [220] [221] [222] [223] [224] Concerning molecular systems, deep-UV spectroscopy is complementing the capabilities of other spectroscopic methods, especially when it comes to energy-dependent photophysical processes. Deep-UV timeresolved CD is now possible on a routine basis, offering very exciting perspectives for the study of chemical and biological systems. Pushing further into the shorter wavelength range down to 200 nm is a promising route as it would allow the use of the strong peptide absorptions to probe protein dynamics.
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